The transport of laser ablated particles through a Maxwell-distributed ambient gas is simulated by Monte Carlo method. Three system geometry configurations frequently appearing in laser ablation experiments are considered: plume tilting, use of an interacting gas jet, and deposition on a substrate placed perpendicular to the laser-irradiated surface. The influence of the ambient gas on the formation of film thickness profiles and kinetic energy distributions of the deposited particles is studied. The thermalization of the laser plume and the backscattering of the ablated particles due to collisions with the background gas are investigated from two-dimensional film thickness distributions.
I. INTRODUCTION
Pulsed laser deposition ͑PLD͒ is recognized to be a successful and promising technique for preparing thin films. 1 In the last decade there have been many experimental and theoretical investigations of laser ablation, 1-23 especially for production of high-temperature superconducting films.
2 A number of advantages of PLD have been revealed, for example the versatility of the experimental setup. In fact, the possibilities for modifying the system geometry ͑target-substrate distance and orientation, substrate rotation and/or movement, laser spot shape and dimensions, etc.͒ and ambient gas parameters ͑pressure, atomic weight, temperature, flow velocity, reactive properties, etc.͒ make PLD an affordable technique for growing a wide variety of thin films with excellent properties.
Theoretical investigations show that the laser-target interaction is an extremely complex phenomenon involving more than one mechanism. Thus, the deposition process is found be affected by various factors. For example, plume tilting can occur 1,15-18 as a result of nonnormal angles of laser incidence, surface structures, plume-laser interaction, etc. However, only the most basic system configuration, when the laser-generated flux is directed perpendicular to the target and a film is grown by collecting the flux on a substrate located parallel to the target ͓Fig. 1͑a͔͒, was considered in most theoretical studies.
Numerous papers 1, [11] [12] [13] deal with the angular distribution of the ablated flux and the resulting angular profiles of film thickness. It was shown, furthermore, that the deposited flux is frequently modified by the presence of a background gas, 1,3-7 and the distribution of the deposited material is not directly connected with the angular distribution of the ablated particles. When the target orientation or the direction of the ablated flux is not common and the deposition is carried out into a gas atmosphere, the shape of a film thickness profile is not evident. Nevertheless, as far as we know, only a few papers [6] [7] [8] [9] are devoted to the modeling of the laser ablation process into a diluted background gas, and only the most common configuration is assumed in all of them. In addition, most studies do not accurately describe the thermalization of a laser plume in the background gas and the diffusion of the ablated particles toward the substrate.
In this article, a three-dimensional modeling of the laser ablation into a Maxwell-distributed gas is presented. Of particular interest are film thickness profiles and kinetic energy distributions of the deposited particles and variation of these distributions with system geometry and ambient gas pressure. The ablated flux is assumed to be not very large ͑a few monolayers in 10 ns͒, the ambient gas pressure is not high ͑up to 200 mTorr͒ and the pulse duration is rather short ͑10-100 ns͒. Under these assumptions, the laser ablation process can be divided into two stages: [6] [7] [8] ͑i͒ the evaporation and the formation of a laser plume ͑''early'' stage͒; ͑ii͒ the transport of noninteractive ablated particles through a background gas ͑''late'' stage͒, where the collective motion of the background gas induced by collisions with the ablated particles is disregarded. Here, attention is focused on the second part of the process. The early stage was investigated previously, [10] [11] [12] [13] [14] and the results of these studies are used here as initial conditions for the modeling of the second stage. A Monte Carlo method of the molecular flow type, 24, 25 i.e., the simulation of the particle transport through a scattering gas, is used. 
II. NUMERICAL PROCEDURE
The trajectories of the laser ablated particles propagating through the gas atmosphere are simulated by the threedimensional Monte Carlo method. 24 The approach is based on the assumptions that collisions among the ablated particles are negligible in comparison with those between the ablated particles and the ambient, and that the velocity distribution of the background gas remains constant. These assumptions are valid if the number density of the ablated particles is less than the one of the background gas, and are justified for the late stage 7 of the ablation process considered here.
The early stage of the laser ablation process was investigated theoretically, 10, 11 by a Direct Monte Carlo simulation 12, 13 and by analyzing experimental results on the ablation in vacuum.
14 For example, Kelly and Dreyfus 10 considered formation of a Knudsen layer, in which the halfMaxwellian velocity distribution of particles at the surface is transformed into an equilibrium thermal distribution. Then, if the yield of material is sufficiently high, the flow was found to evolve into an unsteady, adiabatic expansion. 11 However, both simulation results 12, 13 and experimental findings 14 show, that the velocity distribution of particles formed as a result of collisions in laser-generated plume can be well described by the so-called ''elliptical'' velocity distribution:
Here, m is the particle mass; U a is the flow velocity of the flux; T z is the temperature in the direction of the surface normal; T XY is the temperature in the transverse direction, and k is Boltzmann's constant. We note that the distribution ͑1͒ can result from the disturbance of the equilibrium distribution taking place during the transition of the flow to a free molecular flight, when the temperature in the direction parallel to the flow velocity deviates from the one in the perpendicular direction. 25 The calculations of the trajectory start from the simulation of the initial position and velocity of the ablated particle. Then, the particle propagates through collisions with the filling gas until the impact with either the substrate or the target. The initial velocity is sampled from the distribution ͑1͒. The source of the ablated particles is assumed to be point, since the laser spot dimensions are small ͑typically, about a few millimeters͒, and since the dimensions of the ablated cloud remain negligible in comparison with the substrate-target distance 6, 7 until the end of the early stage. The collisions of the ablated particles with the background gas are simulated as a random process described by a Poisson distribution;
where l is the distance from one collision to the next; is the mean free path, which is calculated as
where
v is the ablated particle velocity before the collision, m amb is the mass of the background gas atom, Erf(x) is the error function, P is the background pressure, T amb is the background temperature, and ͚ is the collision cross section. The velocity distribution of the ambient gas is assumed to be Maxwell with the temperature T amb . The collisions are calculated using a hard-sphere collision dynamics and the laws of conservation of energy and momentum. The particles sticking the substrate or the target are assumed to be absorbed. As a rule, to reduce the statistical error about 10 6 trajectories were simulated. Figure 1͑a͒ shows the basic system configuration of the PLD process. Experimental findings indicate that the plume is always oriented perpendicular to the laser-irradiated surface when the angle of laser incidence is normal.
III. RESULTS AND DISCUSSION
1 In this case, the distribution of the deposited material is spherical if the laser spot is circular, or elliptical if the laser spot is rectangular. Furthermore, it was shown 3, 4, 6 that in the case of small or moderate laser fluence, the presence of a diluted ambient gas gives rise to the decrease of the film thickness, to the broadening of the distributions of the deposited material, and, if the laser spot is rectangular, to the transition from the originally elliptical profile into a circular symmetry. 9, 21 However, when the angle of laser incidence is not normal, plume tilting can occur. [15] [16] [17] [18] The tilting phenomenon was observed in a number of experiments. Some of the experimental results indicate a direction of plume tilt toward the incident beam, 17 while the opposite plume tilting was observed in other experiments. 18 In both cases, the system geometry corresponds to the configuration presented in Fig.  1͑b͒ , where ␥ is the angle of the plume tilt. We introduced a coordinate system with the Z axis perpendicular to the substrate and passing through the center of the desorption area, and the X axis pointed in the direction of the plume tilt. The results obtained in the simulation with ␥ϭ15°are displayed in Figs. 2 and 3 . Figure 2 shows the two-dimensional distribution H(x,y) of the number of the particles deposited per unit area at a substrate ͑film thickness distribution͒. One can see that at Pϭ0.001 mTorr ͑in ''vacuum''͒ the maximum of the profile is shifted from zero in the positive direction (x 0 FIG. 1. PLD system geometry configurations: ͑a͒ the most basic configuration; ͑b͒ plume tilting; ͑c͒ the use of a gas jet; ͑d͒ the deposition on two substrates placed perpendicular to the target. Here, 1 is a target, 2 is a substrate, 3 is the ablated plume, and L is a target-substrate distance. ϳL•tg␥), and the shape of the deposited profile is asymmetrical. The distributions H(x,yϭ0) and H(xϭx 0 ,y) are shown in Fig. 3 . We note, that with the increase of pressure, the thickness of the profiles decreases and the asymmetry of the distribution H(x,yϭ0) becomes less pronounced.
The effects observed can be explained by the random scattering of the ablated particles in the background gas which forces the particles to loose energy ͑thermalization process͒. Thus, the particles are dispersed, part of them diffuses toward the substrate, while the other part is scattered backward to the target. After several collisions the particles form a more uniform distribution on the substrate than the one obtained in vacuum. With the increase of pressure, the fraction of the particles reaching the substrate without collisions decreases and the distribution of the deposited particles becomes more symmetrical. The value of the ambient gas pressure required for thermalization of most of the particles was found 6, 7 to depend on the initial energy distribution, on the target-substrate separation and on the ratio of masses of the ablated and background particles. For the parameters used here, the thermalization phenomenon was found to appear at the ambient pressure about a few tens of mTorr.
One of the two major drawbacks of PLD is known to be ''splashing,'' or the deposition of particulates onto the substrate.
1 The other one is the lack of spatial uniformity of the deposited films over a large area. Various modifications of the film growth conditions were proposed for reducing these disadvantages. Some of the system configurations are considered below.
The system geometry shown in Fig. 1͑c͒ corresponds to the experiments, where a gas jet with a flow velocity U is used. 1, 19 It is evident that to ''blow'' away the ablated particles the flow velocity must be rather high ͑at least of the order of U a ͒. The film thickness distributions obtained in the simulation with Uϭ0.5U a are presented in Figs. 4 and 5. One can observe, that at low ambient gas pressure the thickness distribution has a two-component shape, where the first component ͑the peak͒ is composed of the particles suffering a small number of collisions, while the second one ͑''taillike''͒ consists of the particles suffering many interactions. With the increase of pressure ͑Fig. 5͒, the tail becomes longer, and the value of film thickness decreases. When the background pressure is sufficiently high ͑here, at Pу50 mTorr͒, most of the particles are ''blown'' by the jet and only a negligible part is deposited near the center of the substrate.
The system configuration presented in Fig. 1͑d͒ can also be considered as an attempt to eliminate the deposition of particulates 20 and to increase the deposited film area. Here, two parallel substrates are located perpendicular to the irradiated surface. We introduced a coordinate system with the X axis perpendicular to the target, and the Z axis perpendicular to the substrate and passing through the ablated particles source. The two-dimensional distributions of the particles deposited at one of the substrates are shown in Figs. 6͑a͒-6͑c͒. One can see that, in vacuum, the area of the deposited film is rather large and has a prolate shape. Here, the value of film thickness is smaller than the one in Fig. 2 ͑note the difference in the factor H 0 ͒. The increase of pressure results in the diminishing of the length of the deposited spot, while the shape of the distribution becomes more spherical and even oblate. With the further increase of pressure the film thickness continues to decrease, and the maximum of the distribution approaches to the target.
The film thickness in Fig. 6 is less than the one in Fig. 2 , since only a half of the ablated material is collected on one of the substrates. Besides, when the substrate is located perpendicular to the target, the deposited area increases due to the rapid motion of the ablated plume away from the target. To explain the dependence of the deposited profiles on pressure we note that the mean-free path of the ablated particles is inversely proportional to the background pressure. Furthermore, a substantial part of the ablated material ͑here, at Pϭ50 mTorr, about 70%͒ is scattered back due to collisions with the background gas. If the background pressure is sufficiently high, the laser plume can be stopped at a certain Fig. 1͑d͒ : ͑a͒ Pϭ0.001 mTorr ͑vacuum͒; ͑b͒ Pϭ10 mTorr; ͑c͒ Pϭ50 mTorr. Here H 0 ϭN P /32L 2 , N P is a number of simulated trajectories, L is a target-substrate distance. The simulation parameters are the same as in Fig. 2. distance, 5, 8, 22 where the ablated particles are thermalized 6, 7, 25 and continue to drift ͑or diffuse͒ toward the substrate. The length of the plume R can be estimated using, for example, a drag force model 5 Rϭx f ͓1Ϫexp(Ϫ␤t)͔, where ␤ is the slowing coefficient proportional to the background pressure, and x f ϭU a /␤ is the stopping distance. One can see from the estimation that the stopping distance decreases with the increase of pressure. The simulation results give x f ϳ5 cm at Pϭ10 mTorr and x f ϳ3 cm at Pϭ50 mTorr.
The kinetic energy distributions of the particles deposited at Pϭ10 mTorr are displayed in Fig. 7 . Since the curves obtained for the configurations shown in Fig. 1͑a͒ and in Fig.  1͑b͒ practically coincide, the ͑b͒ plot is not displayed in Fig.  7 . One can see, that when a gas jet is used ͓Fig. 1͑c͔͒, the energy distribution is shifted to the right, while for the geometry shown in Fig. 1͑d͒ the particles are found to be less energetic than in the case of the basic geometry configuration. Evidently, in the former case, the energy of the particles is increased due to the interactions with the energetic particles of the jet. On the contrary, the energy of the particles arriving at the perpendicular substrate is smaller than the one when the substrate is parallel to the target, since the velocities of the particles ablated at oblique angles are smaller than the ones of the particles ablated in the directions close to the surface normal ͓as one can see from the initial velocity distribution ͑1͔͒. The results obtained are in agreement with the experimental findings 23, 27 and previous simulation results. 12, 13 
IV. CONCLUSIONS
In summary, we have presented the results of the simulation of pulsed laser deposition in the presence of a background gas. The Monte Carlo method used in the calculations has allowed us to consider several system geometry configurations frequently appearing in the experiments. The formation of the film thickness distributions is found to be affected by collisions with the background gas. Moreover, the energy distribution of the deposited particles is shown to depend on the system configuration.
We obtained that the role of the background gas can be different and depends on the PLD system geometry. Thus, when plume tilting takes place in vacuum, the adding of a diluted gas can conceal the deposited profile asymmetry. Other effects were observed in the case of a gas jet. It was demonstrated that particles ͑or particulates͒ can be blown away by the jet with the appropriate density and flow velocity. It was shown, furthermore, that when the substrate is located perpendicular to the irradiated surface, the thickness of the deposited film is smaller, but the area of the deposited region is larger than the one in the more common configuration ͑when the substrate is parallel to the target͒. The increase of the background pressure gives rise to the decrease of the deposited area length, to the change of its shape from prolate to oblate, to the diminishing of the film thickness and to the approaching of the distribution maximum toward the target. We note that the deposition on a substrate located parallel to the ablated flux can be considered as an additional technique for visualizing the influence of the background gas on the laser plume.
The results obtained are of a particular interest for the understanding of the process of thin film deposition by pulsed laser ablation.
